Objective: To examine the doubly labeled water (DLW) method for measuring energy expenditure differences between diets varying in carbohydrate.
Introduction
The doubly labeled water (DLW) method was devised in 1955 by Lifson et al. for measuring daily energy expenditure averaged over periods of several days (1) . While originally applied to small animals, the method has provided important insights regarding human energy metabolism since the 1980s (2, 3, 4, 5) . Recently, the DLW method was used in a controlled feeding study in humans to conclude that low-carbohydrate diets result in substantially increased total energy expenditure compared to isocaloric diets with higher proportions of carbohydrate (6) . However, such results appear to run counter to several controlled feeding studies that employed respiratory chambers to measure energy expenditure that found no such expenditure increases with isocaloric lower carbohydrate diets (7) . Forthcoming studies rely on the DLW method for assessing the energy expenditure effects of diets varying widely in the proportion of dietary carbohydrate (8) , but the DLW has never been validated in humans consuming low-carbohydrate diets.
The apparent simplicity of the DLW method, along with the elegance of the underlying theory, belies the fact that its practical application requires many assumptions. Depending on the choice of assumptions and corresponding parameters, the calculated average rate of CO2 production can vary by as much as 15% (9) . To inform the choice of equations, calibration and validation studies have been performed in humans where the mean CO2 production rate measured using the DLW method has been compared to simultaneous respiratory chamber measurements in subjects consuming typical western diets with moderate proportions of carbohydrate (i.e., ~50% of energy) (4) . However, the DLW method has never been validated in humans consuming a lowcarbohydrate diet.
There are theoretical reasons why the DLW method can result in calculated energy expenditure differences between diets widely varying in carbohydrate that do not reflect true physiological differences. Specifically, the DLW method requires an estimate of the overall metabolic fuel utilization of the body as quantified by the average daily respiratory quotient (RQ). While it is widely known that RQ depends on the composition of the diet, RQ also depends on the overall state of energy balance in a way that also depends on dietary carbohydrate proportion (10) .
Furthermore, whereas the DLW method assumes that deuterium is lost only via body water, deuterium is also incorporated into other molecules (lipids, protein, glycogen, DNA, etc.) via processes at rates likely dependent on dietary carbohydrate and circulating hormones such as insulin (11, 12, 13) . The Supplementary Materials describe how DLW calculations of energy expenditure differences between diets varying widely in carbohydrate content can be biased because of unaccounted variations in the state of energy balance as well as rates of de novo lipogenesis.
Here, we explore the challenges of using the DLW method for measuring energy expenditure differences using data from our previously published study (14) in which 17 men were transitioned from a one-month inpatient run-in period consuming a moderate-carbohydrate baseline diet (BD) (50% carbohydrate, 35% fat, 15% protein) directly to a second month-long inpatient period consuming an isocaloric ketogenic diet (KD) (5% carbohydrate, 80% fat, 15% protein).
Methods
Details of the study and methods were reported previously (14) . We studied 17 men with BMI between 25-35 kg/m 2 who were admitted as inpatients to metabolic wards where they consumed a standard baseline diet (BD) composed of 50% energy from carbohydrate, 35% fat, and 15% protein for 4 weeks immediately followed by 4 weeks of an isocaloric very low-carbohydrate, ketogenic diet (KD) composed of 5% carbohydrate, 80% fat, 15% protein. Body weight and height were measured to the nearest 0.1 kg and 0.1 cm, respectively, with subjects wearing a hospital gown and undergarments and following an overnight fast. Body fat was measured using DXA scanners (Lunar iDXA, GE Healthcare, Madison, WI, USA).
Subjects spent two consecutive days each week residing in respiratory chambers to measure energy expenditure (EEchamber). As described previously (14) , during the BD period, the daily energy expenditure was calculated as follows: 22 (kcal) 3 
where rGF accounts for the fractionation of the isotopes and (ND / NO)ave is the mean of the ND / NO values from the n=17 subjects.
As described in our previous report (14) , we used the 24hr respiratory quotient, RQ, during the respiratory chamber stays to calculate energy expenditure (EEDLW) during the baseline period was calculated as: Because the effective RQ depends not only on the diet composition, but also the state of energy balance, the RQ values measured by the respiratory chambers were adjusted by ∆RQ to account for the relative energy imbalance (EB) by the following equation derived in the Supplementary Materials:
where λ = 5.28×10 -5 d/kcal for the BD and λ = 9.17×10 -6 d/kcal for the KD.
Different values of λ result from diets varying in carbohydrate which thereby results in substantial changes in the energy equivalent of CO2 for the same degree of energy imbalance.
Adjusting the chamber RQ measurements requires accounting for the difference between the overall rate of change in body energy stores and the energy imbalance during the chamber stays as follows:
Thus, the ΔRQ adjustment for each individual subject's diet-specific state of energy imbalance results in the following calculation of DLW energy expenditure (EEDLWΔRQ) during the baseline period:
During the KD period, EEDLWΔRQ was calculated as:
As opposed to our previous study (14) that reported results during the entire six-week period when EI was held constant (i.e. the last two weeks of the BD phase and the entirety of the KD phase), we now report results based upon data obtained only during the two-week DLW phase of both BD and KD periods. In addition to allowing direct comparison with the coincident DLW measures, focusing on the last two weeks of each diet allowed for dissipation of any transient changes in energy expenditure needed to adapt to new fuel sources, whether transitioning from the usual diet to the BD or transitioning from BD to the KD.
Statistical analysis was performed using a paired, two-sided t-test with significance declared at the p<0.05 threshold. The data are reported as mean±SE.
Results
During the final two weeks of the BD, EI was 2738±107 kcal/d which was significantly higher than EEchamber = 2626±104 kcal/d (p<0.0001). EEDLW was 2964±126 kcal/d and significantly higher than EI (p=0.011). Adjusting for the energy imbalance, EEDLW∆RQ = 3045±135 kcal/d which was significantly greater than EEDLW (p=0.0003 Figure 1A) . Likewise, physical activity measured using an accelerometer mounted on the hip was not significantly different (KD relative to BD, -5.1±4.8%; p=0.3); and energy efficiency of physical activity measured in the respiratory chamber with subjects exercising at a constant level of moderate-intensity cycle ergometry was not significantly different (-1.6±2.4%; p=0.52) between the BD and KD phases.
Despite no significant differences in EI, EEchamber, EEbal, physical activity, or exercise efficiency between the KD and BD phases ( Figure 1B) , EEDLW was 209±83 kcal/d higher during the KD phase (p=0.023). The transition from the BD to KD coincided with increases in EEDLW that were in the opposite direction to EEbal indicating that the DLW calculations during the KD were incommensurate with the changes in body weight and fat mass. After adjusting for the state of energy imbalance, EEDLW∆RQ was 139±89 kcal/d higher during the KD, but this difference was no longer significant (p=0. 14) and was still in the opposite direction to the changes in body energy stores.
During the BD, EEchamber was highly correlated with EEbal ( There were two clear DLW outliers. The first outlier, "subject A", had an EEDLW that was 1220 kcal/d greater than EI during the BD, and was 1751 kcal/d greater than EI during the KD despite having slight gains in weight and body fat during these periods. In contrast, the EEchamber measurements for this subject were only 173 kcal/d less than EI during the BD and 65 kcal/d less than EI during the KD. The second outlier, "subject B", had an EEDLW during the BD that was only 123 kcal/d higher than EEchamber, but during the KD his EEDLW increased by 1136 kcal/d which was ~3 standard deviations greater than the mean increase in EEDLW, suggesting severe negative energy balance despite the subject gaining weight during this period and EEchamber increasing by only 72 kcal/d. Supplementary Tables S1-S4 provide data on the energy expenditure comparisons between BD and KD phases with and without the exclusion of these subjects. After excluding these subjects, the increase in EEDLW after the KD was 126±62 kcal/d (p=0.063) and EEDLW∆RQ increased by only 46±65 kcal/d (p=0.49), neither of which were significant ( Supplementary Table 4 )
Discussion
Our inpatient isocaloric feeding study represents the most rigorously controlled investigation of the DLW method during low-carbohydrate diets in humans. Four days of respiratory chamber measurements that were coincident with each DLW period did not detect significant changes in energy expenditure. The observed increase in EEDLW after transitioning to the KD was substantially greater than could be accounted for by changes in body energy stores. Whereas individual measurements of EEchamber and EEbal were highly correlated with each other during both diet periods, the DLW measurements were only highly correlated with these measurements during the BD. Thus, the KD period appeared to result in DLW data that were inconsistent with the other expenditure measurements.
We previously reported that EEchamber transiently increased during the first two weeks of the KD but there was no significant difference by the end of the KD (14) . The current study shows that EEchamber during the final two weeks of the KD was not significantly different from the final two weeks of the BD. These periods were coincident with the DLW measurements that indicated a significant increase in EEDLW. We previously hypothesized that the discrepancy between the respiratory chamber and DLW measurements was due to increased physical activity outside the respiratory chamber during the KD (14) . However, this potential explanation does not agree with the lack of increase in objectively measured physical activity. Also, the energy expended to perform the same low-intensity exercise in the respiratory chamber was not significantly changed by the KD, making it unlikely that the energy efficiency of skeletal muscle contraction had been altered after transitioning to the KD. Thus, the EEDLW measurements were discordant with several independent measures all indicating that the KD did not result in significant energy expenditure changes.
Our results raise the possibility that our previously reported increase in energy expenditure calculated by the DLW method after transitioning to a very low-carbohydrate diet may have been due to methodological issues. An important and common source of error is the failure to employ diet-specific RQ adjustments in the DLW calculations to account for energy imbalance (10) . We found that such RQ adjustments resulted in a substantial attenuation of the calculated increase in DLW energy expenditure during the KD such that the increase was no longer significant.
Another methodological concern is the theoretical possibility that CO2 production rates calculated by the DLW method can be influenced by the fluxes through biosynthetic pathways that likely vary substantially depending on the carbohydrate content of the diet, especially the de novo lipogenesis pathway (11, 12, 13) . However, the magnitude of this potential bias in humans is thought to be relatively small, amounting to an energy expenditure difference of only about In contrast, Bandini et al. (20) found that EEDLW was lower during the low-carbohydrate diet (~7% of energy) as compared to a high-carbohydrate diet (~83% of energy) in an outpatient study, but this reduction was attributed to decreased physical activity because no significant differences in REE were found and the subjects reported nausea and lethargy on the lowcarbohydrate diet. Stubbs et al. (21) found no significant difference between EEDLW using a narrower range of diets with 29-67% of energy as carbohydrate. But the diets were fed ad libitum and energy intake on the low-carbohydrate diet was greater than the moderate-carbohydrate diet which was greater than the high-carbohydrate diet. Thus, the variation in total carbohydrate content of the test diets was attenuated such that daily carbohydrate intake varied by only ~22% of the mean energy intake between diets which may not have been a sufficient range to observe a systematic bias of the DLW method. Furthermore, variation in EI between the diets led to different states of energy balance that offset the RQ differences between the diets.
It is important to emphasize that our study was not intended to be a DLW validation study and there were several limitations. The DLW measurements were not pre-specified as either primary or secondary endpoints of the study. Whereas respiratory chamber measurements have highprecision, with an intrasubject coefficient of variation of EEchamber ~2-3% (22) , the DLW method is less precise with an intrasubject coefficient of variation of energy expenditure of ~ 8-15% (23) . Therefore, the relatively large inherent variability of the DLW method may have led to an apparent increase in EEDLW during the KD simply by chance (type-1 error). However, we cannot definitively exclude the possibility of a real increase in energy expenditure, especially at the modest effect size of ~50-140 kcal/d after excluding two likely DLW outliers or using dietspecific adjustments of the DLW calculations to account for the energy imbalance.
Another limitation of our study was that the subjects lost weight and body fat throughout the study, consistent with a state of inadvertent overall negative energy balance (14) . The DLW method has been validated during 30% caloric restriction with a 55% carbohydrate diet (24) and
agrees with our result that EEDLW and EEDLW∆RQ were not significantly different from EEbal during the BD diet phase. Nevertheless, the calculated EEbal values are somewhat uncertain because DXA has a limited ability to precisely and accurately detect small changes in body energy stores (25) , and the calculated metabolizable energy intake was not adjusted using direct measures of fecal energy content. While accelerometer measurements did not detect significant differences in physical activity between the diets, these devices do not capture all forms of physical activity and we cannot rule out the possibility that the KD resulted in undetected increases in activity-related energy expenditure. Finally, the order of the diets was not randomized, and it is possible that the elevated EEDLW occurred simply because the KD followed the BD. Indeed, other investigators have noted that repeated DLW measurements resulted in a mean expenditure increase of ~100 kcal/d for the second measurement, perhaps for methodological reasons related to the isotopes in the first DLW dose interfering with subsequent measures (Jim DeLany, personal communication).
In summary, our data illustrate the challenges of using the DLW method to estimate energy expenditure differences between diets varying widely in the proportion of carbohydrate. where EI is energy intake, EE is energy expenditure, ρFM = 9300 kcal/kg is the energy density of body fat mass, ρFFM = 1100 kcal/kg is the energy density of fat-free mass, CForbes = 10.4 kg is the Forbes constant, and FM is the average body fat mass which was ~25 kg for our subjects. The average baseline EI = 2740 kcal/d for both diets and the FQ was 0.87 and 0.73 for the BD and KD, respectively. Figure S1 depicts the ΔRQ results of varying EE in 100 kcal/d increments around the average baseline EI for each diet to result in a range of energy imbalances. The bestfit linear functions through the origin had slopes λ = 5.28×10 -5 d/kcal for the BD and λ = 9.17×10 -6 d/kcal for the KD. The energy equivalent of CO2 is thereby adjusted according to:     where ΔRQ=λ×(EI-EE). Figure S1 . Theoretical diet-specific relationships between the state of energy imbalance and the respiratory quotient adjustments to the doubly labeled water energy expenditure calculations.
We cannot rule out the possibility of larger systematic errors without direct measurements of DNL. Furthermore, other biosynthetic pathways may also contribute to diet-dependent systematic errors in the DLW method in the same direction, although likely not to the same extent as DNL. For example, both glycogen and protein synthesis result in incorporation of deuterium [11] and the fluxes through these pathways would be expected to decrease with a LC diet. Overall, these methodological issues introduce potentially important systematic biases when considering the effect of diet differences on EE as measured by DLW. 
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